Differences observed between plant and animal premRNA splicing may be the result of primary or secondary structure differences in small nuclear RNAs 
INTRODUCTION
Eukaryotic cells contain a class of nuclear RNAs known as snRNAs (1, 2) . The most abundant species, Ul, U2, U3, U4, U5 and U6 snRNAs, are rich in uridine, have a m 3 2 ' 2>7 G cap structure at the 5' end (except for U6 snRNA) and have lengths between 100 and 220 nucleotides (2) . Each of these snRNAs is present at approximately 10 3 -10 6 molecules/nucleus in human cells and are 10 to 100-fold less abundant in plant nuclei (2) . They are functional in RNA processing when complexed with proteins in small nuclear ribonucleoprotein particles (snRNPs) (3) . In animal and yeast pre-mRNA splicing, the Ul and U2 snRNPs are involved in recognition of the 5' splice site and the branch site, respectively (3) (4) (5) . The U5 snRNP has been implicated in recognition of the 3' splice site (3) .
The structure and expression of the snRNA components of snRNPs have been well documented in animal and yeast systems (2, 5, 6 ). Comparisons of the major plant snRNAs with their animal counterparts indicate that plant snRNAs are less abundant and more variant (7) (8) (9) (10) . Direct sequencing of stably expressed snRNAs has revealed that some of the differences between plant and animal snRNAs can be accounted for by families of sequence variants which exist for U2 snRNA in wheat, U4 snRNA in broad bean and U5 snRNA in pea (9, 11, 12) . Most of the other available plant snRNA sequences have been derived from gene analysis. These include two genes for soybean Ul snRNA (13) , one gene for bean Ul snRNA (14), nine genes for tomato Ul snRNA (15) , one gene for maize U2 snRNA (16) , one gene for Arabidopsis U5 snRNA (17) and six genes for Arabidopsis U2 snRNA (18) . In cases where multiple genes exist for a particular snRNA, each gene represents a unique sequence variant. Three of the Arabidopsis U2 snRNA genes, one tomato Ul snRNA gene and one Arabidopsis U5 snRNA gene have been expressed in transfected protoplasts, suggesting that at least some of the isolated genes are expressed in vivo (15,17 -19) . Others, such as a tomato Ul snRNA gene, represent pseudogenes not expressed in vivo (20) .
This heterogeneous collection of snRNA sequences indicates that extensive similarities do exist between plant and animal snRNAs, especially in sequences or structural elements required for pre-mRNA splicing (21) . In particular, the region of Ul snRNA that binds the 5' splice site is identical in all organisms (21) . Sequences in stem-loops I and II, of Ul snRNA, which are known to interact with the Ul-C, U1-70K and Ul-A polypetides (22) (23) (24) (25) (26) , and the Sm-antigen binding motifs are also conserved (21) . In U2 snRNA, the single stranded region interacting with the branch site (3) is conserved. The regions of U4 and U6 snRNA which interact to form the U4/U6 base paired complex are phylogenetically conserved (27) . U5 snRNA represents the most highly diverged snRNA in that only the sequences in loop I and the Sm-binding site are conserved in plants and animals (2) . Although these comparisons suggest that gross structures required for pre-mRNA splicing have been phylogenetically conserved in plants and animals, none of these studies have documented the fine structure diversity of the snRNAs expressed within one particular plant and compared these variations with the minor snRNA variants that exist in mammalian tissue.
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Ul U2+U4 U5 G immunoprecipitated pea nuclear RNA was fractionated on an 15% acrylamide:bisacrylamide, 8.3 M urea gel (40 cm in length), blotted onto Gene-Screen and sequentially hybridized with the Plabeled oligonucleotide probes described in Methods. The probes used for each hybridization arc designated at the top of each autoradiograph. snRNAs are identified at the left; the positions of the 220 and 154 nt. single-stranded DNA standards are shown at the right.
To identify the snRNA structural variants stably expressed in pea nuclei, we have constructed a cDNA library enriched in pea snRNAs. Initial screening of the cDNA library has led to the isolation of numerous Ul, U2, U4 and U5 snRNA clones. Sequence analysis of the clones has allowed us to demonstrate that four of the five snRNAs required for splicing are represented by sequence variants expressed in pea nuclei. This analysis defines the fine structure variations in these sequences.
MATERIALS AND METHODS Reagents
The radioisotopes S'-iy- 32 ?] ATP (7000 Ci/mmol), S'-la-^P] cytidine 3',5'-bisphosphate (3000 Ci/mmol) (pCp), 5'-[a- 35 S] dATP (1320 Ci/mmol) and Gene Screen were from New England Nuclear. T4 RNA Ligase and poly (A) polymerase were from P-L Biochemicals. All other enzymes were from Bethesda Research Laboratories.
RNA Isolation
Nuclei from 100 grams of pea (Piswn sativum var. Progress # 9) epicotyl tissue were sedimented over a Percoll gradient as described by Gallagher and Ellis (28 Electrophoresis of RNA Immunoprecipitated snRNAs were 3' end-labeled with pCp and T4 RNA ligase (30) and fractionated on 15% acrylamide:bisacrylamide (38:2), 8.3 M urea gels (31X 38x0.05 cm) containing 90 mM Tris-borate, 2 mM EDTA (lxTBE) buffer at 45 W for 15-16 hours. Samples were diluted with an equal volume of 10 M urea, 0.1% xylene cyanol, 0.1% bromphenol blue and heated at 100°C for 1 minute prior to loading. Northern analysis was performed essentially as described by Egeland et al. (7) . Northerns were probed with oligodeoxyribonucleotides 5' end-labeled with [y- 31 ?] ATP and T4 polynucleotide kinase (31) . Blots were hybridized at room temperature for 16 hours in 6xSSC, 5xDenhardt's solution, 0.1% SDS and washed three times for 20 minutes at room temperature in 6xSSC, 0.1% SDS. All oligodeoxyribonucleotide sequences were synthesized at the University of Illinois Biotechnology Center and were gel-purified or HPLC-purified prior to use. The oligodeoxyribonucleotide probes used in these studies are complementary to human and pea snRNAs as follows: Ula (5'-GCCAGGTAAGTAT), HeLa nt. 1-13; U2 L15 (5'-C-AGATACTACACTTG), pea and HeLa nt. 28-42; 115( 5'-TAGTAAAAGGCGAAAGATAGTTCGC), pea nt. 23-47; U4a (5'-TTTCAAYYAGCAATAA), HeLa nt. 52-67.
cDNA Cloning
For cloning, approximately 1 ng of immunoprecipitated snRNAs was poly (A) tailed using poly (A) polymerase (32) . cDNA synthesis and cloning into oligo dT-tailed pCGN 1703 vector were performed as described by Alexander (33) . pCGN 1703 is a derivative of pBS(-) (Stratagene) in which the lac and T3 RNA polymerase promoters have been deleted and replaced with a linker, which allows for convenient cloning of cDNAs. 
Colony Hybridizations
The cDNA plasmid library was amplified and screened for snRNA clones by colony hybridization using 5' end-labeled oligodeoxyribonucleotide probes (34) and hybridization conditions were performed as described for Northern analysis.
Sequencing
Clones were sequenced using modified T7 DNA polymerase (Sequenase, U.S. Biochemicals), 5'-[a- 35 S] dATP and the T7 RNA polymerase promoter primer (P-L Biochemicals) as described by the manufacturer. Free energy coefficients for stem structures were calculated using the secondary structure program PC fold 3.0 of Zuker and Stiegler (35) . revealed a pattern of snRNAs very similar to those found in tobacco, tomato, cucumber, and broad bean nuclei (10) (not shown). Because plant U4 snRNAs migrate in the same molecular weight range as Ul snRNAs (7, 12) , the 3' end-labeled anti-
RESULTS
RNA Isolation and Analysis
G immunoprecipitated pea nuclear RNA were separated on high resolution 15% acrylamide: bisacrylamide (38:2), 8.3 M urea gels that fractionate on the basis of size and nucleotide composition (Fig. 1A) . Although the Ul and U4 snRNAs still overlap to some extent, it is apparent that the molecular weights of the major pea snRNAs, especially U4 snRNA, vary significantly from those found in HeLa cell nuclei, as previously reported (7, 10) . Therefore, to identify individual snRNAs, total nuclear RNA was subjected to Northern analysis and sequential screening using oligodeoxyribonucleotide probes specific for sequences conserved in the Ul, U2, U4, and U5 snRNAs. In order to detect all snRNA variants, including those with multiple mismatches, low stringency conditions were used for Northern analysis and colony screening (7) . Hybridizations performed at higher temperatures, 5°C below the Tm of the probes, detect the same Ul, U2, U4 and U5 snRNAs indicating that all closelyrelated variants have been detected. As shown in Figure IB , this type of analysis reveals multiple length variants of Ul, U4, and U5 snRNAs, but only one major and two minor species of U2 snRNA. Each of the snRNAs hybridizing with the oligodeoxyribonucleotide probes could be 3' end-labeled with pCp ( Fig. 1A) indicating that the snRNA variants retain a 3'-hydroxyl group and do not represent RNA degradation products. Identical snRNA profiles were obtained with different nuclear RNA preparations and under alternate extraction conditions (not shown) indicating that the snRNAs expressed in pea nuclei are as heterogeneous in size as those expressed in other plants (7, 10) .
cDNA Cloning Immunoprecipitated snRNAs were poly (A) tailed with poly (A) polymerase (32) and cloned into oligo dT-tailed pCGN 1703 using the vector-primer technique described by Alexander (33) . Sequencing indicated that approximately 70 adenosine monophosphate residues were polymerized onto each snRNA. Approximately 0.7 X10 6 ampicillin-resistant transformants were obtained per microgram of immunoprecipitated snRNA. Restriction analysis indicated that approximately 40% of the randomly chosen transformants from the unamplified library had inserts greater than 200 base pairs, the expected size for cDNA clones encoding snRNAs. The library was amplified and screened by colony hybridization using 5' end-labeled oligodeoxyribonucleotide probes specific for the Ul, U2, U4, and U5 snRNAs. The sequences reported here represent snRNA clones obtained from our initial screening of the library. Additional snRNA variants certainly exist. in Figure 3 . The phylogenedcally conserved sequences that are present in a variety of organisms including yeast, Drosophila, Xenopus, and mammals, are indicated in Fig. 3 (21) . The pea U1 snRNA clones represent sequence and length variants from 157 to 162 nucleotides which share 80-90% similarity with the common bean Ul snRNA gene, 70-80% similarity with the soybean Ul snRNA genes and 63% similarity with HeLa cell Ul snRNA (2, 13, 14) . The overall degree of nucleotide conservation within the pea Ul snRNA family is 85-90%. Nearly all of the length variation results from deletions of the 3' terminal cytosine and internal insertions/deletions at nucleotides 38, 47, 53, and 131. The smallest variant, U1.15, has a five nucleotide deletion in stem/loop IV. Eighty-three nucleotides at the 3' terminus of Ul. 1 are identical to the partial pea Ul snRNA sequence obtained by Krol et al. (9) . Although this might represent the same Ul snRNA variant, stem II, which contains nearly all variations found in the pea Ul snRNAs, is not represented in the partial Ul snRNA sequence.
Ul snRNA Clones
Regions of the Ul snRNA that have been shown to be important either from phylogenetic and/or experimental data are conserved in the pea Ul snRNAs (Figs. 2 and 3) . For example, nucleotides 1 -11 in the seven Ul snRNA variants are identical to those present in all but two of the available Ul snRNA sequences (2, 21, 37, 38) . The Sm-antigen binding sites (boxed nucleotides, Fig. 3 ) are nearly identical among the pea Ul snRNA variants, and are similar to the Sm-antigen binding sites of other Ul snRNAs at six out of nine positions (2,21). Loops I and II correspond to the regions of the vertebrate Ul snRNA that interact with the Ul-C, U1-70K and Ul-A proteins, (22-26) .
Six of the seven pea Ul snRNA variants contain fourteen nucleotides in loops I and II that are phylogenetically conserved in other organisms (Fig. 3) (21) . U1.137 has a base variation at nucleotide 36 which is absolutely conserved in other organisms.
The pea Ul snRNAs vary primarily in looped, bulged or single stranded regions (Fig. 3) . Many of the differences in the pea Ul snRNA variants occur in the same regions that variations exist in other organisms, namely stems II and HI and loop I (2,21,39-41). In contrast to the vertebrate Ul snRNA variants, prominent variations exist in loop IV and in the single stranded regions at the 3' end of the pea Ul snRNAs. Changes, which affect the stability of duplexed structures occur but, in general, are compensatory. Alternate structures for stem/loop II in six of the clones and their associated free energy values are shown in Fig. 3 .
U2 snRNA Clones
The full-length U2 snRNA clones, designated U2.1, U2.2 and U2.3, were 194 or 195 nucleotides in length and, in Figure 4 , are folded according to the secondary structure described for U2 snRNA (2) . The U2 snRNA genomic clone (42), designated U2.4, is 200 nt. in length. The pea U2 snRNA variants are 95% similar to the broad bean U2 snRNA (43) , approximately 80% similar to Arabidopsis U2 snRNAs (18) , and 70% similar to HeLa cell U2 snRNA (2). Ninety-five nucleotides at the 3' end of a partial pea U2 snRNA (9) differ from the U2 snRNA variants described here in the insertion of two compensatory nucleotides in stem m, a substitution in the stem IV bulge and a deletion in stem HI (asterisks, Fig. 4) . Thus, this sequence potentially represents a fifth U2 snRNA variant expressed in pea nuclei. The first 71 nucleotides of the pea U2 snRNA variants are identical to each other and to broad bean, Arabidopsis, wheat, maize, and HeLa cell U2 snRNAs and other phylogenetically conserved U2 snRNA sequences (2, 11, 16, 18, 43) . The Sm-antigen binding site is identical in the pea U2.1, U2.2 and U2.3 snRNA variants, but differs slightly from the Sm binding site in U2.4 and other plant U2 snRNAs. The branch point binding sequence (GUA-GUA) is absolutely conserved (Fig. 4) . The base variations between pea U2 snRNAs occur in the last 120 nucleotides of the molecules primarily in duplexed and bulged structures of stems HI and IV. Within stem HI, the extensive variations in U2.2 and U2.4, contribute to the formation of the alternate hairpin structures shown in Fig. 4 . The unusual 4 nt. insertion in loop in of U2.4 can base pair with sequences to form an extended hairpin HI containing an alternate loop sequence or, if the tetraloop structure contributes increased stability to stem HI, additional nucleotides are positioned in bulged sequences.
U4 snRNA Clones
Three full-length U4 snRNA clones, U4.1, U4.2 and U4.3, are 152, 152, and 150 nucleotides in length, respectively (Fig. 5) . The U4 snRNA variants are 88-95% similar to the broad bean U4 snRNAs (12) and 60-65% similar to HeLa cell U4 snRNAs (2) . The region of interaction between U4 and U6 snRNAs (21) is phylogenetically conserved in the three U4 snRNA variants.
The 5' halves of the pea U4 snRNA variants contain the most highly conserved region of each molecule in parallel with the highest degree of sequence conservation found in animal and yeast U4 snRNAs (2, 21) . Stems I and H, which form in the U4/U6 hybrid, and the 5' stem/loop are essentially invariant in the pea snRNA variants. The Sm-antigen binding site is conserved in all of the pea variants, although U4.2 has a T to C replacement in the pyrimidine stretch (Fig. 5) .
Variations between pea U4 snRNAs are localized mainly in the central and 3' stem/loops in the U4 molecule (Fig. 5) . Most of these variations are compensatory, and maintain base-pair interactions. In only one case is a C:G base pair in the central stem replaced by a G:A, thus abolishing a base pair interaction. This change enlarges the single stranded loop region without introducing a bulge into the stem structure.
U5 snRNA Clones
The two full length U5 cDNA clones which have been isolated (U5.3 and U5.4) are 122 nucleotides in length. In Figure 6 , we have compared the sequences of these two snRNA clones with four of the U5 snRNA sequences (U5.5-U5.8) previously reported by Krol et al. (9) , which range in size from 119 to 122 nt. Our U5 cDNA clones are only 75 to 96% similar to the pea U5.5-U5.8 sequences and 55% similar to rat U5 snRNA (2) . Nucleotides 33 to 52, in loop C of stem I, are absolutely conserved among the pea U5 snRNAs, and in fact, all known U5 snRNAs (2, 9, 21) . The proportions of the hairpin stems and bulges in the secondary structure are well conserved in the pea U5 snRNAs and an Arabidopsis U5 snRNA (17) and less well conserved when compared with the mammalian and yeast structures (21) .
Most of the differences in the pea U5 snRNA variants occur in the center of hairpins I and U, in loops A and D and near the Sm binding site (Fig. 6) . In most cases, nucleotide variations in the stem structures involve compensatory changes or nucleotide substitutions in G-U base pairs to strengthen duplexed structures. Variations within loops A and D and in single stranded regions are essentially random.
DISCUSSION
The participation of snRNAs and snRNPs in pre-mRNA splicing has been clearly established (3) . Although plant and animal snRNAs have similar conserved regions in their primary and secondary structures, the functionality of the snRNAs and/or snRNPs are not interchangeable in that the recognition of introns and the splicing of pre-mRNA appear to be modulated by slightly different factors in plants and animals (44, 45) . These differences result in the inefficient in vitro excision of some plant introns in HeLa cell extracts (46) (47) (48) . Nucleotide differences within the snRNAs may directly or indirectly account for the splicing deficiencies in heterologous systems. Direct effects potentially result from variations in the conserved snRNA sequences specifically interacting with pre-mRNA sequences (49) (50) (51) (52) (53) . Indirect effects might result from the formation of alternate snRNP structure due to variations in the secondary and/or tertiary structure of snRNAs. Effects, such as these, result in the inability of a bean Ul snRNA to bind Xenopus Ul-specific proteins in vitro (24) and in the differential assembly of mouse Ul snRNAs (26) .
A direct comparison of HeLa cell and pea snRNAs reveals that pea snRNAs exhibit more length and/or sequence variations than their animal counterparts (Fig. 1) . Using oligodeoxyribonucleotide probes directed against conserved sequences in each snRNA, we have demonstrated that length variants exist for Ul, U2, U4, and U5 snRNAs. The sequences chosen for the Ul and U2 snRNA oligodeoxyribonucleotide probes hybridize with conserved sequences in the snRNAs critical for splicing (50) . The oligodeoxyribonucleotide complementary to nucleotides 53-68 of the pea U4 snRNA overlaps nucleotides 64-75 of HeLa cell U4 snRNA, another region indispensible for splicing (54) . The oligonucleotide chosen for the U5 snRNA probe is complementary to U5 snRNA sequences absolutely conserved in all organisms (21) .
In Northern analysis (Fig. 1) , approximately ten to twelve equally abundant Ul snRNA variants and five to six U4 snRNA variants were detected. Pea U2 snRNA consists of one major and two minor variants. The U5 snRNA variants, which are harder to resolve, include at least six U5 snRNA variants. The number of variants reported for each snRNA family represents a minimal estimate since variants migrating with the same apparent molecular weights cannot be separated in this type of analysis. In addition, highly divergent snRNA variants may have escaped our low stringency Northern and cDNA screening analyses. The large number of individual snRNA variants, which has been demonstrated previously in several plants (7, 10, 12) , is in sharp contrast to the limited diversity of snRNAs in human and yeast cells. Yeast cells contain the most defined population in that each snRNA is represented by a single species (21) . In vertebrate cells, snRNAs generally exist as unique species (2) . Some vertebrate cells do contain variants of the Ul, U4 and U5 snRNAs, but these variants tend to be expressed in a select set of tissues and typically represent a small percentage of the total snRNA population (2, 40, 55) . Our cloning and sequence analysis of the pea U1-U5 snRNAs indicates the degree of sequence divergence which exists in these snRNA populations. Additional variants certainly exist for each snRNA.
The overall secondary structures of the pea Ul snRNA variants are highly conserved when compared with each other and with phylogenetically conserved Ul snRNA sequences ( Fig. 3; 21) . The first eleven nucleotides of Ul snRNAs, including the pea variants sequenced here, appear to be absolutely conserved in all organisms studied to date with the exception of an Arabidopsis thaliana Ul snRNA gene that contains a single nucleotide insertion at nucleotide 2 and a 5. pombe Ul snRNA that lacks the first two nucleotides following the 5' trimethylguanosine cap (37, 38) . This degree of conservation is consistent with in vitro splicing experiments indicating that the 5' terminal Ul snRNA sequences participate in recognition of 5' splice sites (3). However, in light of the heterogenous 5' splice sites in plant introns (44) , the absolute conservation of the 5' termini in the pea variants was unexpected. Sequence analysis on additional pea Ul snRNA variants will determine if any highly divergent variants with.alternate base pairing interactions between the 5' termini of Ul snRNA and 5' splice site in introns have escaped detection with the Ul oligonucleotide.
Some of the more unusual sequence variations in the expressed Ul snRNA variants occur in the loop of stem I which is highly conserved in a variety of organisms ( Fig. 3; 21) . All plant Ul snRNAs contain undine or adenine at nucleotide 33 (13 -15) , but the analogous position in Xenopus, human and mouse Ul snRNAs contains a cytosine or uridine residue (39-41). The nucleotides flanking this nucleotide in loop I are absolutely conserved in vertebrate Ul snRNAs (21), but vary in one out of seven (nt. 34) pea Ul snRNAs that have been described in this paper, and eight out of nineteen (nt. 32 and 34) of the plant Ul snRNA variants that have been sequenced (13) (14) (15) 38) . Sequences in the loop of stem I are essential for binding the Ul-C polypeptide and additional structures within stem I mediate the binding of the U1-70K and Ul-A polypeptides (22, 24, 25) . Because sequence variations at positions 32 and 34 in some plant Ul snRNAs have been shown to effectively block binding of the U1-70K, A and C polypeptides in in vitro snRNP assembly systems (24) , the sequence variants that we have documented here, potentially form alternate snRNP structures. In reality, only one of the two pea Ul snRNAs (Ul .2) that vary at these critical nucleotides has a sequence which predictably binds Ul-specific proteins in vitro.
The majority of the sequence variations in the pea Ul snRNAs are localized in stem n, in positions similar to the Ul snRNA variants identified in Xenopus, mice and other plants (15, 21, 39, 41) . In vertebrates, stem/loop II is clearly involved in binding the Ul-A protein, and sequences within the loop have been directly implicated in sequence-specific binding of Ul-A (23, 25) . Variations in stem II of the pea Ul snRNA variants result in alternate stem II structures with substantially different free energies (Fig. 3) . Thus, the differences in stem II structures potentially stabilize or destabilize in vivo interactions with a plant protein equivalent to the vertebrate Ul-A protein, as observed for the mouse Ula (embryonic) and Ulb (adult) snRNA variants (26, 41) . The stabilities of the pea Ul snRNA variants in stem II are similar to the stabilities that we have calculated for the differentially expressed mouse Ula and Ulb snRNA variants (Ulal = -16.7; Ulbl = -24.1; 41). This level of secondary structural variation in the mouse Ul snRNA variants results in the differential binding of snRNP and/or alternate snRNP proteins (26) .
The first seventy nucleotides of the U2 snRNAs are phylogenetically conserved in animals, yeast and the pea U2 snRNA variants (21) . Stem I appears to be conserved in U2 snRNAs because the 5' half of the stem is indispensible for formation of the pre-splicing complex (50) . The nucleotides within the mammalian U2 snRNA that are implicated in branch site binding, GUAGUA, (50, 56) are conserved even though the intron lariat structure is only inferred in plants and the highly variant branch site sequence described for plant introns (CYRAY; 57) shows limited complementarity to the conserved GUAGUA sequence present in plant U2 snRNAs.
Nucleotides in stem II and adjacent to the branch site binding region, which may be involved in forming alternate secondary structures in animal and yeast U2 snRNAs are identical in the pea variants sequenced here (Fig. 4) . Six of the eight nucleotides in the Sm-antigen binding site are invariant. Most variations in the pea U2 snRNA variants occur in stems III and IV and create a set of alternate stem HI structures (Fig. 4) containing single or double nucleotide bulges. The four additional nucleotides present in the U2 snRNA genomic sequence (42) include complementary bases which can form an extended stem HI with an alternate loop sequence, or, if the tetraloop sequence is conserved for stability these sequences create an enlarged bulge in stem HI. Base changes in the U2 variants include both transition and compensatory changes which maintain the helical structures in stems HI and IV.
The terminal loop of stem IV is absolutely conserved in our pea U2 snRNA variants and nine of eleven positions are maintained in other plant U2 snRNAs (16,18,43) . The U2-A' and U2-B" polypeptides appear to interact with this loop, even though five of eleven positions vary in mammalian systems, and more weakly with Sm proteins situated at the Sm binding site (21, 58) .
Because the U4 snRNAs in plant nuclei are nearly identical in length to Ul snRNAs (Fig. 1) , plant U4 snRNAs have been difficult to characterize. The pea U4 snRNA variants that we have described here (Fig. 5) are nearly identical in their primary and secondary structures to the broad bean U4A and U4B snRNAs (12) . As in most organisms (21), the 5' halves of the pea U4 snRNA variants are significantly more conserved than the 3' halves which contain nineteen variations in the last 62/64 nucleotides. Regions defined by base pairing to U6 snRNA, and participation in in vitro splicing reactions, are phylogenetically conserved in the pea U4 snRNA variants and other organisms. In particular, the 5' loop is conserved at most positions in plant and animal U4 snRNAs (2, 21) possibly because it provides a site for the binding of snRNP polypeptides as suggested by RNAase H cleavage experiments (54) .
Nearly all of the U4 snRNA variations occur in the central and 3' stems which appear to be masked with snRNP proteins in the U4/U6 snRNP complex (R. Luhrmann, communication). The central stem variations observed in the pea U4 snRNA variants (Fig. 5) , occur in the region containing all of the broad bean U4 snRNA differences (12) and the sequence/length variations in other organisms (21) . Nearly all of the variations in the central stem of the pea U4 snRNAs represent compensatory changes or transitions between alternate base pairs, which maintain the structure of this stem. In contrast, the 3' terminal stem in the pea U4 snRNA variants has few variations; those that occur do not substantially affect the length or base pairing interactions of the stem.
Most of the variations that occur in the pea U5 snRNAs reported here and by Krol et al. (9) are localized in the 5' terminal stem loop A and in loop D on the 3' terminal stem. Only two of these regions of extreme variability, loop A and loop D, correspond to regions of high variability in human U5 snRNA variants (Sontheimer and Steitz, communication). The 5' terminal stem sequences are particularly variant in plant, but not mammalian U5 snRNAs. Although the 3' terminal stem sequences vary in the pea U5 snRNAs, the length of the stem is well conserved. The single stranded regions, including the Sm binding site, are also well conserved in the plant variants. By far the most highly conserved region of U5 snRNA occurs in loop C which is invariant in nine out of eleven positions in plants and animals ( Fig. 6; 21) . Chemical modification experiments with human U5 snRNA and snRNPs reveal that loops A and C are accessible to base modifying reagents in the U5 snRNP particle (59) . The high degree of conservation in the sequences of loop C suggests that they represent a protein recognition sequence. Correspondingly, the lack of conservation in loop A sequences suggests that they are not involved in protein recognition.
In conclusion, we have cloned and sequenced numerous variants for the Ul, U2, U4, and U5 snRNAs expressed in pea nuclei, thus, defining the minimum complexity of dicot snRNA populations. In addition, this represents the first report documenting the diversity of Ul and U2 snRNA sequence variants expressed in plant nuclei. Comparison of the pea snRNA variants with snRNAs from other organisms indicates that, although numerous variants of Ul, U2, U4, and U5 snRNAs exist, the variants maintain functionally conserved elements involved in RNA:RNA interactions with the 5' splice site and branch point sequences. The sequences diverge in specific regions of their secondary structure which have been implicated in the binding of snRNP polypeptides. Further analysis has demonstrated that some of the Ul, U2, U4 and U5 snRNA variants described in this paper are developmentally regulated in pea nuclei (Hanley and Schuler, submitted) and potentially represent snRNAs required for the splicing of developmentally regulated transcripts which, in some cases, possess extremely heterogenous splice sites.
